1. Introduction {#sec1}
===============

A.K Giem and K.S Novoselov in 2004 defined the term "isolated graphene" that propelled an enormous scientific and technological interest. Graphene has a two-dimensional π--π\* band structure that possesses excellent and unique electrical, optical, and mechanical characteristics like excellent conductivity, high surface area and tensile strength, etc.^[@ref1],[@ref2]^ These unusual properties and presence of dangling bonds on its surface implicate that this material has tremendous potential in making composite materials and found applications in mechanical actuators,^[@ref2],[@ref3]^ nanoelectronics,^[@ref4],[@ref5]^ energy storage technology,^[@ref6]^ biosensors, and optoelectronic devices.^[@ref7]^ Monoatomic thin graphene sheets possess sp^2^-hybridized carbon atoms, which are arranged in a honeycomb-like structure that serves as a nanoscale building block to construct a macroscale graphene-based framework. Even a few layers graphene has also been investigated lately that holds an entirely different band structure where, bilayer graphene confirms the observed theory upon application of an external field.

Over the past few years, various techniques have emerged to synthesize individual layers of graphene such as mechanical, chemical, microwave, and photocatalytic reduction to restore the structure of the characteristic sp^2^ network. The major advantage of these approaches is the synthesis of high-quality crystalline graphene sheets, while mass production still remains the major concern for them. The most usual techniques are liquid phase exfoliation, micromechanical exfoliation, chemical vapor deposition, and exfoliation of graphite intercalation compounds in organic solvents.^[@ref8]−[@ref12]^ Among all methods, liquid phase exfoliation of graphite is the most promising way to produce graphene at minimal expense.^[@ref13]−[@ref15]^ However, almost all reported methods have used catalysts, surfactants, organic solvents, strong acids, and chemical reagents to exfoliate and stabilize the sheets in a specific medium.^[@ref16]−[@ref20]^ The cost, toxic environmental impact, and difficulty in removing these reagents are the major challenges for these methods.^[@ref21]−[@ref23]^ In addition, structural damage during the substrate transferring process and adulteration caused by chemical reagents in the obtained graphene also limit its extensive application.^[@ref24]^ Further, high-quality graphene sheets can be realized by reducing graphene oxide (GO) to reduced graphene oxide (rGO) by the chemical method.^[@ref12]^

One of the graphene derivatives known as reduced graphene oxide (rGO) is considered to be a prime prospect among its other derivatives such as graphite oxide (GO) because of comparatively reduced number of oxygen functionalities such as alkoxy, hydroxyl, and carboxyl groups, etc.^[@ref25]^ The existence of countless electrically active sites in rGO makes it a better candidate for sensing applications and imparts high structural resemblance with graphene.^[@ref12]^ The reduced graphene oxide provides an alternate solution to single- to few-layer graphene for large-scale applications, since it is easier to manufacture in large quantities for bulk material applications. Electrochemical exfoliation of graphite has of late gathered ample attention because of the simplicity in implementation, short processing time, and good quality and quantity of graphene achievable. High-grade expensive graphite electrodes (purity ∼ 99.99%), like graphite rods in a mixture of acidic electrolyte^[@ref23]^ (H~2~SO~4~ + HNO~3~), graphite foil in an alkaline electrolyte^[@ref26]^ (NaOH), graphite foil in aqueous inorganic salts^[@ref27],[@ref28]^ (Na~2~SO~4~, LiClO~4~, K~2~SO~4~, (NH~4~)~2~SO~4~), graphite flakes and HOPG in acidic medium^[@ref29],[@ref30]^ (H~2~SO~4~), and inexpensive pencil in different pH electrolytes^[@ref31]^ (HCl, PBS, NaOH), are electrochemically exfoliated.

Graphene quantum dots (GQDs) are zero-dimensional (0D) nanostructures composed of single- or few-layer graphene.^[@ref32]^ Due to their remarkable properties like low toxicity, enhanced photoluminescence, chemical stability, and strong quantum confinement, they are recommended for bioimaging and fluorescence sensing applications.^[@ref33]^ The distinct characteristic features of GQDs vis-à-vis graphene sheets (GSs), like superior electrical properties, large surface area, and abundant active sites, make them an ideal candidate for utilization in supercapacitors. So far, various procedures including the hydrothermal route,^[@ref34]−[@ref36]^ solution chemistry,^[@ref37]^ acid treatment,^[@ref38]^ and electrochemical exfoliation techniques^[@ref39],[@ref40]^ have emerged for controlled generation of GQDs with specific traits and purposes. However, low quantum yield, complex synthesis protocols, and intermediate fluorescence envisage the need for alternative strategies for the production of GQDs.

It is imperative to cut down the synthesis cost of these nanomaterials and make them less expensive for mass-scale applications. Thus, this paper essays a convenient, cost-effective, scalable, and environmentally friendly electrochemical technique that furnishes two-dimensional (2D) graphene sheets (GSs) from laboratory-grade (LR) graphite electrodes (GEs) via direct anodic exfoliation under variants of etchants. The article also reports a one-pot hydrothermal method for the formation of graphene quantum dots (GQDs) from synthesized GSs, where GQDs integrate quantum size and edge effects into one domain, resulting in enhanced optical characteristics with good size uniformity. The properties of these synthesized GQDs are compared with GQDs produced through other techniques. Graphene with its composite and semiconductor QDs are already being implemented in recent technology but suffer from serious drawbacks of high-cost production and toxicity, respectively. These new carbon nanomaterials (sub-10 nm sizes) prove to be a promising class of materials for device-scale applications, which are obtained by converting 2D GSs into zero-dimensional GQDs. There are many reports on the preparation of GSs through the electrochemical technique and GQDs via the hydrothermal method, which suffers from disadvantages of post-treatment methods (like sonication, hydrazine reduction treatment), low production and quantum yield, and expensive graphite electrodes. The novelty and originality of the present work lie (i) first in the one-step reduction method for furnishing high-quality graphene sheets at a large scale in an economical and eco-friendly manner and (ii) second, in generation of GQDs from fabricated high-quality GSs, where GQDs yield strong fluorescence due to minimal surface defects. The role of each electrolyte in exfoliating each geometry of graphite electrodes to synthesize GS and its further consumption in producing surface-passivated GQDs are studied through field emission scanning electron microscopy (FESEM), energy-dispersive X-ray (EDX), X-ray diffraction (XRD), Fourier transform infrared (FTIR), UV--visible, fluorescence, Raman spectroscopy analyses and a series of experiments.

2. Results and Discussion {#sec2}
=========================

2.1. GS and GQD Synthesis Phenomena {#sec2.1}
-----------------------------------

The complete scheme illustrating the mechanism of obtaining graphene sheet (GS) from graphite electrode (GE) and GQD2 from a purified graphene sheet (PGS) is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Scheme illustrating the complete protocol and mechanism involved during the fabrication of GS from GE and GQD2 from PGS. The simple electrochemical setup produces GS through intercalation of anions and gas molecules into the lattice of GE. The reduced-dimension GS (PGS) attained after acid-refluxing is consumed in making GQD2 through the hydrothermal method where ethylenediamine (en) acts as a passivation agent.](ao0c01993_0001){#fig1}

### 2.1.1. GS and GQD Electrochemical Anodization {#sec2.1.1}

This is to be noted that only electrolyte and graphite electrodes were varied keeping rest of the electrochemical parameters constant during exfoliation. The following observations were noted during anodization:(a)Electrode roughness: Prior to anodization, the surface of the general quality GE was polished with fine sandpaper to facilitate enhanced etching and obtain high-quality products. The used graphite electrodes already have few defects and a rough surface, which initiate faster etching due to available corrosive sites in the form of grain boundaries on the electrode surface but result in nonuniform exfoliated sheets and GQDs.(b)Bias voltage: Anodization, which is superior to cathodic polarization,^[@ref27]^ was carried out in the presence of negative intercalation ions SO~4~^2--^, Cl^--^, and OH^--^ and positive voltage (10 V), causing peeling off of the parent GE. However, the equivalent voltage varies for different electrolytes and their concentrations. It was observed that voltage less than 10 V resulted in a slow etching rate with poor yield and more than 10 V damaged the graphite electrode at an early stage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a inset: bottom right, broken GR marked by yellow-dotted oval) producing thicker sheets.^[@ref26]^(c)Electrolyte: The electrolyte affects the thickness of GS, while expansion of the intercalated solvent into gas bubbles determined the lateral flake size and the exfoliation onset.^[@ref23],[@ref27]^ High concentration generates fragments of graphite particles, and low dilution is unsupportive during exfoliation, while both result into poor yield. Therefore, aqueous electrolyte is important for creating oxygen and hydroxyl ions that initiate cutting of graphite electrodes.^[@ref29]^ The three different electrolytes employed to bring out the exfoliation process were as follows: H~2~SO~4~, NaCl, and NaOH of 0.5 mol L^--1^ each. It was examined that the exfoliation process was more vigorous in H~2~SO~4~ (low pH), slow but efficient in NaCl (neutral pH), and moderate in NaOH (high pH) upon the application of +10 V to GE. In the case of GQDs, the etching rate is made slow deliberately using low molarity NaOH (0.1 mol L^--1^) solution for the formation of zero-dimensional particles. The top inset of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a is the *I*--*T* graph depicting charging and wetting of the electrode. Further, a sharp increase in current density as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b signifies intercalation of anions and gas molecules inside the lattice of GE, accompanied with exfoliation of GS from GE. The value was found high in H~2~SO~4~ due to its good electrical conductivity vis-à-vis other etchants as shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), which also supports our above observation. The complete process of exfoliation (GS in H~2~SO~4~ electrolyte) is demonstrated in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), where after the simultaneous process, only exfoliation becomes dominant, which is marked by a sudden drop in current density from its peak value for the completion of the exfoliation process.^[@ref41]^ This phenomenon of rapid drop in current was found to be absent in GQD5 as intercalation and exfoliation of GE were happening at a slow rate.(d)Graphite electrode: Exfoliation was carried out for three different lab-grade graphite electrodes: graphite rod (GR), film (GF), and pencil (GP). During delamination, fine soft particles were dispersed into the solution in the case of GR, whereas particles in the form of small spun were released from GF. The rate of etching was slow in GP vis-à-vis other two electrodes producing bristle-like particles. In the case of GQD5, no particles were observed initially etched from GR through the naked eye, but after 40 min duration, ultrafine and light particles were seen suspended in the brown solution.(e)Interelectrode distance: The interelectrode distance in an electrochemical cell is a crucial factor during the exfoliation process. To apply exactly 10 V on electrodes and avoid dissipation of voltage as heat in the electrolyte due to high solution resistance, a close distance of 2--3 cm was maintained for effective exfoliation.^[@ref26]^(f)Temperature: Low temperature is usually preferable to obtain low-defect graphene sheets and dots possessing few layers and less oxygen functionalities, although high temperature results in high yield.^[@ref42]^ Therefore, experiments were carried out in ambient temperature conditions.(g)Mechanism: The mechanism is explained in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), demonstrating environmentally friendly and cost-effective synthesis of GS. Since we observe both sediment and supernatant ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a inset: bottom right), i.e., partially miscible dispersion of exfoliated sheets, this confirms the obtained product as graphene sheets. The GSs instantly agglomerate in hydrophilic solvents such as water due to their hydrophobic nature.^[@ref40]^

![Current vs time (*I*--*T*) graphs depicting electrochemical cutting of the graphite electrode for the synthesis of (a) GS in 0.5 mol L^--1^ NaOH etchant (insets: top, initial 2 V, 2 min, *I*--*T* graph; bottom, images of GR, GF, and GP during etching) and (b) GQD5 in 0.1 mol L^--1^ (inset: bottom, sequencing the formation of GQD5). The etching was stopped after ∼40 min for further evaluation of the obtained GS.](ao0c01993_0002){#fig2}

### 2.1.2. Hydrothermal GQD Cutting {#sec2.1.2}

There are reports on functionalizing GQDs and CQDs with ethylenediamine (en) for surface passivation^[@ref43],[@ref44]^ and nitrogen doping. After a series of iterations, pure GQD2s were achieved without any phosphorous or nitrogen doping at mass scale using an optimum concentration of precursors under hydrothermal conditions. The main logic behind hydrothermal cutting is decomposition of particles under high pressure due to elevated temperature conditions in a Teflon-lined autoclave, which is discussed further in [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}. The flake size is diminished to nanoscale by the hydrothermal process in comparison to the refluxing treatment due to creation of high pressure in a sealed vessel than normal pressure in refluxing. The oxidative acid (H~3~PO~4~) breaks down PGS into nanosized particles (GQD2) at high temperature (200 °C) and enhances the solubility due to attachment of oxygen functionalities on the edges.^[@ref43]^ The purpose of using diamine was to minimize the surface defects and yield great optical properties.^[@ref44]^ The removal of extra polymers needs more dialysis time (1 week) as compared to small organic molecules of amine solution (24 h), employed as passivation agents to functionalize GQDs. During synthesis with a carbon precursor (like citric acid) and a source of dopant (like phosphorous/amine), it is easier to dope inside the aromatic C=C sp^2^ structure of the nanomaterial. But if a complete product (graphene) is used as the carbon precursor with a source of dopant during GQD synthesis, functionalities are attached more on the edges rather than on the basal plane.^[@ref45],[@ref46]^

The effects of the electrochemical and hydrothermal conditions on the morphology, yield, size, thickness, optics, functionalization, and defects induced in the produced graphene sheets and quantum dots are investigated below through various characterization techniques.

2.2. Morphological Analysis {#sec2.2}
---------------------------

FESEM analysis is used to examine the surface topography of the exfoliated GSs and GQDs. The micrograph of graphite electrodes after supplying an initial voltage of 2 V, shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c, depicts distinct grain boundaries on the surface of the electrodes, which serve as the nucleation sites for corrosion. The inset shows the rough and uneven surface of electrodes with densely packed layer stacking. The surface of the sheets after 40 min of exfoliation appears to be silky smooth and crimped only at the edges in NaCl electrolyte as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d--f. The exfoliated GSs are highly expanded as shown in the inset possessing high transparency. The GSs obtained in H~2~SO~4~ are found to be disintegrated and rough whereas thin and wrinkled in NaOH. Although the sheets in the case of GR (A-C) and GP (A-C) electrodes are less aggregated, they possess reduced lateral dimension than GF (A-C); this may be due to the larger surface area of the GF as shown in [Figures S2--S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). The rough approximate thickness of GS through FESEM is shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf).

![FESEM micrographs of samples in sequence: GRB, GFB, and GPB etched at (a--c) 2 V for 2 min and (d--f) 10 V for 40 min in NaCl owning few nm thickness, with respective lower-magnification images as insets in (a--f).](ao0c01993_0003){#fig3}

In the FESEM micrograph ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) of sample GRA, few graphene nanotubules were observed (marked by a yellow-dotted square) on the surface of the exfoliated sheets. The reason for this can be attributed to reduction in interlayer interaction between edges of GSs, under the influence of a strong etching environment (H~2~SO~4~), thus causing rolling of graphene sheets into nanotubules.^[@ref45],[@ref47]^ GQDs are nanosheets with small dimension (\<10 nm) and circular shape. This is to be noted that sample GRB after the acid reflux treatment (PGS) was consumed in making GQDs (1--4) as shown in [Figure S6a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), possessing reduced lateral dimension. The sheets are decorated with GQD2 all over their surface as seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c with size ranging from 6 to 10 nm ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)). As a result of duration variation, sub-10 nm size GQDs were obtained only in 8 h duration; therefore GQD2s were optimized to be better than GQD1 and 3. Therefore, GQD2s were used for further physical analysis as nonuniform and larger particles were obtained in GQD1 and 3 ([Figure S6b,c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)). Further, in the case of water as a sole solvent with rest of the hydrothermal conditions constant, low yield GQD4 was obtained displaying scanty distribution on the surface of GS ([Figure S6d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)). The sheets synthesized by the hydrothermal method occur in the usual form of microflowers. Such structures are observed when nanosheets are produced with their precursor salt solutions dispersed in a particular solvent.^[@ref48]^ Therefore, no flower- or fernlike structure was observed during hydrothermal preparation of GQDs. The micrographs of GQD5 synthesized by the electrochemical process are shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), which shows nonuniform and bigger size graphene nanoparticles.

![FESEM micrographs: (a) graphene nanotubules (marked by a yellow-dotted square) in the GRA sample, (b) GQD2 uniformly spread on the surface of GS (inset, lower-magnification image), and (c) higher-resolution image of GQD2.](ao0c01993_0004){#fig4}

2.3. Structural Analysis {#sec2.3}
------------------------

The reduction of graphite into graphene sheets and GQDs was monitored by XRD that anticipates the number of graphitic layers and determines the crystallographic properties of the sample. The average number of graphene layers (*n*) in each sample was achieved using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (23), and the values are listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)where the interlayer distance (*d*) was calculated using the Bragg equation and crystalline size (*D*) using the Debye--Scherrer formula. Thus, from the observed data ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)), a significant difference in the interlayer distance of 0.02--0.05 Å is spotted between GE and GS. This indicates that the former π--π stacking in graphite is inconceivable in the following stage of exfoliation process due to sheer intercalation of oxygen functionalities in GE that damages the carbon structure. The (002) narrow peak of GS is much feeble than that of GE (same in all three electrodes) as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, which implies that exfoliated sheets exhibit more graphene nature.^[@ref26]^

![Combined XRD graphs of samples: (a) GE vs GRB, GFB, and GPB to showcase graphitization, (b) peak fitted GS (GRB, GPB, and GFB) etched in NaCl electrolyte having high quality, and (c) peak fitted PGS vs GQD2, GQD4, and GQD5.](ao0c01993_0005){#fig5}

Based on the number of layers (*n*), crystalline size (*D*), and interlayer spacing (*d*) between the graphene sheets, as listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), it was observed that exfoliation in H~2~SO~4~ resulted in a large interlayer spacing, but few-layer sheets were obtained in NaCl and NaOH electrolytes. This is due to the fact that the ionic radius of the SO~4~^2--^ anion is more than those of Cl^--^ and OH^--^ ions, which increases the interlayer spacing more between the sheets by breaking van der Waals forces of the graphite structure. Therefore, the maximum interlayer expansion was observed in H~2~SO~4~ and least in NaOH due to comparatively smaller ionic radius of OH^--^ than those of other two anions (SO~4~^2--^ and Cl^--^). As a result of a series of exfoliation processes carried out, we obtained bi- to multilayer graphene sheets (*n* = 2--72) derived from raw graphite (*n* = 67--106). Of all graphite electrodes, GR with broad and weak peaks resulted in thin (0.8--1 nm) bilayer sheets, whereas intense and sharp peaks revealed multilayer sheets in GF (56--72) and GP (22--29) as shown in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). The peak at around 9--11° is negligible for sheets as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, which is evidence for minimum oxygen functional groups attached during exfoliation.^[@ref49]^

The (002) spacing increased to 3.63 Å (PGS) from 3.44 Å (GRB) after the acid reflux treatment, revealing increased oxygen functionalities. GQD2s have two broad peaks centered at around at 9.6° (001) and 25.8° (002) with interlayer spacings of 9.16 and 3.43 Å, respectively, as compared to source GS (PGS) as illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. This indicates that in the hydrothermal process, the presence of protic acid H~3~PO~4~ (aqueous) as a solvent has added more active sites and oxygen functionalities along the surface of GQD2. Therefore, there is a mixture of few-layer GQD2 (002), indicating reduction, and monolayer GO-GQD2 (001), indicating oxidation. The reduction in full width at half-maximum (FWHM) and (002) spacing from 3.63 Å (PGS) to 3.36 Å (GQD4) confirms the fact that hydrothermal synthesis leads to deoxidation^[@ref34]^ in DI water as a sole solvent. The XRD (002) peak for as-prepared GQD2 and 4 shifted to a higher 2-theta value compared with GRB and PGS, signaling that the GQDs have a more closely packed interlayer spacing due to high pressure induced during the process.^[@ref39]^ Further, the oxidation degree can be regulated by changing the concentration of H~3~PO~4~ in GQD2; seven layers are obtained in the (002) plane and monolayer in the (001) plane. In the case of electrochemical synthesis of GQD5, enhanced d spacing (3.53 Å) concludes oxidation during graphite ablation, consistent with the GS exfoliation phenomenon. The thickness of graphene materials (GSs and GQDs) was determined through crystalline size^[@ref50]^ (*D*, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)), which is in sync with the approximate thickness obtained by FESEM ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)).

Raman spectroscopy serves as a nondestructive analytical tool to investigate the structural properties of the graphene sheets and dots. The characteristic peaks of the graphite Raman spectra are labeled as D, G, D′, 2D, D + G. The presence of D (A~1g~ mode) band intensity reveals structural defects and disorders in the sample, which arise due to first-order resonance and formation of sp^3^ bonds. Further, electrochemically exfoliated GSs are randomly oriented with no specific stacking order, giving rise to the D band as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. The G (E~2g~ mode) plane arises due to optical in-phase phonon vibrations of the ordered crystal lattice at the Brillouin zone center resulting from the band stretching of sp^2^ carbon pairs, both in rings and chains.^[@ref51]^ The D′ band arises due to the disordered crystal structure; G and D′ peaks merge together into a single G peak when the disorder is high.^[@ref27]^ Defects such as impurity atoms, functional groups on the basal plane, and edges of the graphene layers give rise to these bands, where the D + G band is also the defect-activated peak. These groups on the edges help to gain hydrophilicity in solvents, but defects in the interior aromatic C=C sp^2^ domain of the graphene structure reduce its conductivity.^[@ref12]^ The intensity, position, area, and FWHM of the 2D (*G*′) peak reveal the number of layers and that the peak is active even in the absence of defects, which arises due to double resonance transitions.^[@ref23]^ The complete Raman spectra for all samples GR (A-C), GF (A-C), and GP (A-C) vs respective GEs are shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). The four Lorentzian peaks 2D~1B,~ 2D~1A~, 2D~2A~, and 2D~2B~ each having an FWHM of 30 ± 5 cm^--1^ ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)) mark the presence of bilayer graphene.^[@ref51]^ The intensities of 2D~1A~ and 2D~2A~ are higher than those of the other two components when excited with 2.41 eV laser energy^[@ref52]^ as observed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. The above criteria^[@ref53]^ were fulfilled by only the GRC sample with the position of four Lorentzian peaks at 2651, 2677, 2701, and 2721 cm^--1^, respectively. As can be seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, there are two subpeaks found in the 2D band of all GEs, namely, 2D~1~ and 2D~2~, and the number of layers obtained in samples is consistent with the XRD results.

![Combined Raman spectra: (a) GRC, GFC, and GPC exfoliated samples in the NaOH etchant possessing lowest defects; (b) Lorentzian peak fitting of the 2D band for samples GE, GRC, and GQD2; and (c) PGS vs GQD2, GQD4, and GQD5 samples.](ao0c01993_0006){#fig6}

The *I*~2D~/*I*~G~ ratio measures the degree of improvement in graphene structures (sp^2^ C=C bonds), and an increase in the ratio symbolizes high-quality graphene samples.^[@ref29]^*I*~D~/*I*~G~ (sp^3^/sp^2^) is the intensity or integrated area ratio, a small value of which signifies low defects and high crystallinity in the graphene sample.^[@ref26]^ The value of *I*~D~/*I*~G~ of chemically or thermally reduced rGO is 1.1--1.5, higher than that of electrochemically reduced graphene sheets^[@ref12],[@ref28]^ (0.1--0.9). The ratio values of the respective samples of GS and GQDs are listed in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). The lowest defects were found in samples GF (A-C) as compared to GR (A-C) and GP (A-C). The very low value of *I*~D~/*I*~G~ as in GF (A-C) symbolized low sp^2^ domains and graphitization.^[@ref12]^ This ratio was high in acidic medium (H~2~SO~4~) due to more oxygen functionalities, intermediate in NaCl, and lowest in NaOH electrolyte. Due to addition of oxygen functionalities during the acid reflux treatment, *I*~D~/*I*~G~ increases in PGS as compared to source GRB.

It was observed that surface passivation by ethylenediamine diminished the surface defects on GQD2 (*I*~D~/*I*~G~: 0.78) in comparison to GQD4 (*I*~D~/*I*~G~: 0.94) as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c. The defects in the form of sp^3^ carbon, functional groups, and surface states induced during the formation of GQD5 by the electrochemical method are more in comparison to GQD4 synthesized by the hydrothermal technique with water as a sole solvent.^[@ref49]^ This is due to the fact that supercritical water acts as a reducing agent by protonating OH groups already attached on GS, restoring the aromatic C=C sp^2^ graphene structure and breaking bonds to cut down the flake size.^[@ref12]^ Since the XRD results indicate that the synthesized GQD2 sample is not homogeneous, the number of layers cannot be discovered by Raman spectroscopy^[@ref23]^ as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b.

2.4. Chemical Analysis {#sec2.4}
----------------------

Characterization of vibrations in GSs and GQDs can be done using FTIR spectroscopy as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b. The FTIR spectra of GSs and GQDs consist of different oxygen functionalities such as O--H stretching (hydroxyl group: 3300--3800 cm^--1^), C=O (carboxyl group: 1670--1710 cm^--1^), C--O--C stretching (epoxy group: 1080--1255 cm^--1^), C=C (sp^2^ hybridized: 1500--1600 cm^--1^), and CO~2~ (2300--2400 cm^--1^), and these make GSs and GQDs soluble in water.^[@ref25]^ The presence of an intense peak of the CO~2~ group can also be ascribed to sample contamination. The graphite material was reduced successfully into GSs via the electrochemical process more profoundly in NaOH solution in comparison to electrolytes NaCl and H~2~SO~4~ under safer conditions and shorter duration as shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). The SO~4~^2--^ ions have chemically active sites, which make new bonds at the time of intercalation, whereas the absence of binding sites on Cl^--^ and OH^--^ ions does not allow addition of more functionalities to the GS at the time of exfoliation. These results are consistent with XRD results where thin sheets are obtained in NaCl and NaOH electrolytes. The maximum oxygen functionalities are attached in the H~2~SO~4~ acidic electrolyte, which proves to be beneficial for applications that require the presence of oxygen groups on GS, such as for the fabrication of hybrid materials or attachment of biomolecules.^[@ref27]^ The relative spectra of GRC show the existence of distinct stretching vibrations of C--H bonds (2912, 2937), which can play a crucial role in promoting efficient charge transfer.^[@ref46]^ Therefore, unbonded GE resulted in reduced GS with less amount of oxygen functionalities attached on GF vis-à-vis other electrodes as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. In sample PGS, more oxygen functionalities are decorated as compared to source GS (GRB) due to acid-refluxing. The synthesis procedure plays a vital role in achieving the functional groups on the surface^[@ref49],[@ref54]^ of GQDs. Shen et al. passivated the surface using poly(ethylene glycol)^[@ref55]^ (PEG), but polymer chains were introduced on the basal plane and edges of the GQDs. The absence of nitrogen or phosphorous groups on the surface of GQD2 preserves its intrinsic nature as observed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. Therefore, despite the fact that synthesis of GQD2 took place in an oxidative acid hydrothermal environment, less oxygen groups are attached on its basal plane as compared to GQD4, synthesized solely in DI water. The electrochemical process inevitably introduces oxygen groups on the surface of GQD5 during synthesis.

![Combined FTIR spectra of samples: (a) GE vs GRC, GFC, and GPC etched in alkaline NaOH achieving enhanced reduction and (b) PGS vs GQD2, GQD4, and GQD5.](ao0c01993_0007){#fig7}

Further, the mechanism of hydrothermal cutting proposed by Pan et al.^[@ref34]^ is explained. The long CNTs (carbon nanotubes) are broken down into short CNTs and nanoribbons through the oxidation unzipping mechanism, inducing cutting. At the time of acid-refluxing, epoxy groups form a line on a carbon lattice, leading to rupturing of the underlying C--C bonds. These epoxy groups further oxidize to form stable carbonyl pairs at room temperature, and FTIR spectra of GQDs (2, 4) reveal fewer epoxy lines and a strong carbonyl signal. This is due to the fact that mixed epoxy chains make the PGS fragile, which breaks up during the hydrothermal deoxidation process, leading to cutting and eventually forming GQDs (2, 4). Further, in the presence of protic acid, the cutting becomes more profound under elevated temperature and pressure conditions to generate GQD2.

The EDX analysis was performed to determine the average C/O atm % ratio of attained products with complete spectra presented in [Figures S12 and S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). The starting graphite electrodes show a higher C/O ratio (32--46), which is consistent with the reported results.^[@ref27]^ The ratio is lowest with high oxygen content in H~2~SO~4~ as it acts as a stronger oxidant than other two electrolytes. It facilitates the formation of oxygen groups during exfoliation, whereas a high ratio was observed in the NaOH electrolyte, due to the reduction by the strong alkaline electrolyte. The GS went through deoxygenation during exfoliation in NaOH, thereby resulting in fewer oxygen functional groups^[@ref26]^ as compared to those in the neutral solution of NaCl, giving intermediate values. Therefore, NaOH is a good reducing agent with a slight difference found in its value of C/O ratio vis-a-vis NaCl. The ablation of different graphite electrodes in different pH electrolytes generated GS with different densities of oxygen functionalities, which can be further controlled through other electrochemical parameters. This proves that the electrochemical process is advantageous, leaving no other residues as compared to other laborious synthesis methods for GO and rGO in a strong chemical environment.^[@ref27]^ It can be seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} that a high carbon content is observed in the GF electrode besides a high ratio observed in the NaOH electrolyte. The high C/O ratio of 27 (rounded off) draws inference that effective exfoliation took place in sample GFC, resulting in sheets with a *d* spacing close to bulk graphite as observed in XRD results. This concludes that electrochemical reduction of graphite into graphene sheets displayed great results with an appropriate amount of hydroxyl groups (OH) and carbonyl groups (C=O) attached. The highest ratio of 23.9 is reported till now in electrochemical reduction of GO to rGO as reviewed by Pei et al.^[@ref12]^

###### List of Samples Recording the Highest C/O atm % Ratio

  ----------- ---- ----- ---- ----- ---- ----- ----- ------ ------ ------
  s.no.       1    2     3    4     5    6     7     8      9      10
  sample      GR   GRC   GF   GFC   GP   GPC   PGS   GQD2   GQD4   GQD5
  C/O atm %   44   4     46   27    32   4     10    2      7      12
  ----------- ---- ----- ---- ----- ---- ----- ----- ------ ------ ------

The oxygen% increased slightly after the acid reflux treatment in PGS as compared to source GS (GRB). A lower C/O ratio in GQD2 confirms higher oxidation degree, which resembles the value for graphene oxide (GO) produced by the Hummers method^[@ref31]^ (C/O: 2--3). EDX analysis of GQD2 displays absence of phosphorous or nitrogen, confirming no functionalities introduced by diamines and protic acid. The higher C% relative to O% seen for GQD4 and 5 suggested that reduction reaction took place during hydrothermal and electrochemical syntheses of GQDs, consistent with above XRD studies.

2.5. Optical Analysis {#sec2.5}
---------------------

In all cases, the concentration of GS and GQD dispersed was 0.5 mg mL^--1^ in *N*,*N*-dimethylformamide (DMF) solvent through bath sonication for 0.5 h. The enhanced solubility in water and other solvents can be attributed to oxygen-containing functionalities (hydroxyl, carbonyl, carboxyl) decorated on edges of GSs and GQDs as studied in chemical analysis. The maximum absorption peak found around 200--290 nm for GS and GQDs corresponds to the π--π\* transition of the aromatic C--C bonds. The appearance of this peak corroborates with our previous FESEM ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)) and XRD ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf)) results that obtained nanomaterials have thickness ∼10 nm. An extra shoulder peak at around 300--390 nm for GS is ascribed to the n−π\* transition of C=O bonds, while the absence of this shoulder in GQDs reveals appearance of more functionalities on its surface. [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf) depicts the values for calculated band gap and distinct transitions, where both the peaks are bathochromically shifted due to conjugation.^[@ref56]^ The highest absorbance and solubility were noted in H~2~SO~4~-exfoliated GS (GRA, GFA, GPA) due to the attachment of more oxygen functionalities during exfoliation, least in NaOH-etched GS (GRC, GFC, GPC), and negligible in the graphite electrode^[@ref54]^ as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. This is due to the fact that H~2~SO~4~ has good hydrophilic properties that enable easy dispersion of graphite, yielding soluble GS. The increase in band gap (E~g~) was observed in GS obtained from the GR electrode because of thin exfoliated sheets (GRA, GRB, GRC) possessing small crystalline size with fine powder texture and least in samples (GFA, GFB, GFC) obtained from the GF electrode as shown in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). High hydrophobicity and agglomeration on dispersion were observed in GF (A-C) sheets due to less oxygen% and high C/O ratio. The acid reflux treatment increased the solubility of the GS due to bonding of additional groups. The hypsochromic behavior of GQD2 indicates that surface passivation by ethylenediamine increased the energy gap as compared to GQD4 as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b. Further, enhanced solubility of GQD2 owes to hydrothermal oxidation by PO~4~^3--^ ions than electrochemical oxidation of GQD5.

![UV--visible normalized absorption spectra of samples: (a) GE vs GRA, GFA, and GPA etched in H~2~SO~4~ with maximum solubility, (b) PGS vs GQD2, GQD4, and GQD5, and (c) fluorescence spectra of PGS vs GQD2, GQD4, and GQD5 samples.](ao0c01993_0008){#fig8}

There are many reports on comparing the fluorescence quantum yields of GQDs on the basis of excitation source and other synthesis parameters.^[@ref36]^ Here, we assay the optical quality of GQDs synthesized by various methods, which is scarce in the literature. The bright and strong blue luminescence in the aqueous medium was observed in the order GQD2 \> GQD5 \> GQD4 \> PGS, similar to earlier reports.^[@ref57]^ The luminescence is either caused due to the mediation of surface defects or enhanced due to the quantum confinement effect; the latter can be the obvious reason as dimensions of GQD2 are below 10 nm where quantum confinement is dominant. Further, the surface defects are passivated by ethylenediamine as evidenced from the enhanced emission of GQD2 at 400 nm vis-à-vis GQD4. The quantum confinement effect in GQDs is observed because of the carbon core.^[@ref49]^ The full width at half-maximum (FWHM) of GQD2 was found to be ∼60 nm, which is narrower than the earlier reports.^[@ref58]^ The larger graphene particles (∼1 μm) of PGS exhibited weak fluorescence after purification in concentrated HNO~3~ at 100 °C. The peaks at 375, 394, and 414 nm are observed for GQD5, which correspond to armchair edges and oxygen-rich functional groups present on its surface.^[@ref49]^ Further, the reason of multiple peaks in emission spectra of GQD5 can be attributed to variable size particles.

3. Conclusions {#sec3}
==============

Here, we had reported a large-scale production of GSs by electrochemical exfoliation of general purity graphite electrodes under acidic, neutral, and basic electrolyte media. The obtained samples contain lower contents of defects (*I*~D~/*I*~G~: 0.1--0.9) and oxygen functionalities (C/O ratio: 3--27) than in any other reduction techniques (chemically/thermally reduced rGO, *I*~D~/*I*~G~: 1.1--1.5 and electrochemical reduction, C/O ratio: 24). Further, it was concluded that all graphite electrodes resulted in best-quality GS, which could be customized according to the desired application using variants of etchants. A facile single-step hydrothermal approach by utilizing produced GS was followed for the mass formation of GQDs, where ethylenediamine acts as a surface passivation agent, reducing the defects to minimal, thereby enhancing the optical properties. Therefore, as-prepared passivated GQDs showed enhanced results (strong fluorescence and low defects and oxygen functionalities) as compared to those synthesized using DI water as solvent and the electrochemical method. The factors such as interlayer spacing, number of layers, defect concentration, oxygen functionalities, absorbance, fluorescence, and growth rate were found to be dependent on electrolyte, graphite electrode, and hydrothermal conditions. XRD and Raman analyses point out the extent of reduction and defect quantification during the formation of GS from the graphite electrode and GQDs from GSs. The morphological studies reveal that bi- to multilayered, thin (0.8--24 nm) graphene sheets with micron-sized lateral dimensions were obtained from nonuniform splitting of the graphitic sample and average-size (ca. 8 nm) GQDs from GSs. The FTIR study clarifies the existence of various functionalities such as O--H groups and C--O, C=O, C=C, and C--H vibrational bonds that indicate the formation of GSs and GQDs. UV--visible absorption data reveals solution-processable GSs and GQDs, while fluorescence reveals the confinement effect in GQDs. To the best of our knowledge, there are few reports assaying the exfoliation of different types of LR graphite electrodes in various electrolytes and developing a simple GQD synthesis method.

4. Experimental Section {#sec4}
=======================

4.1. Materials and Reagents {#sec4.1}
---------------------------

Laboratory-grade graphite electrodes (rod \[99.9% pure\], foil \[99% pure\], and HB2 pencil lead), Alfa Aesar platinum mesh, 0.22 μm Whatman filter paper, and Himedia dialysis membrane-50 (LA387-10MT) were used. All chemicals were of analytical grade and used without further purification. The solutions were prepared using double-distilled (DI) water: sulfuric acid (H~2~SO~4~), *N*,*N*-dimethylformamide (DMF, C~3~H~7~NO), and ethylenediamine (en, C~2~H~8~N~2~) were obtained from Thermo Fisher Scientific, India; and sodium chloride (NaCl), sodium hydroxide (NaOH), and orthophosphoric acid (H~3~PO~4~) were procured from Merck Mumbai, India.

4.2. Electrochemical Graphite Exfoliation {#sec4.2}
-----------------------------------------

All graphite electrodes were polished by rubbing its surface with a sandpaper and thereupon rinsed with acetone and DI water before etching. Exfoliation of graphite electrodes (anode) was performed in an electrolytic cell with a Pt mesh as cathode, maintaining a moderate distance of 3 cm between the electrodes. The distinct combinations of electrochemical parameters are reported in the literature for mass production of graphene.^[@ref42]^ The objective of our work was to evaluate the optimum set of variables to obtain graphene quality sheets through LR graphite electrodes. Therefore, we used three different graphite electrodes exposed to three variant etchants, under ambient conditions. A constant direct current (DC) of potential 2 V was applied for initial 2 min to wet the electrodes, and later the voltage was increased up to 10 V until the completion of exfoliation. Subsequently, the solution was rinsed with DI water and ethanol to obtain neutral pH and further sonicated for 2 h to obtain a homogeneous graphene suspension. The obtained suspension can be either centrifuged (at 3500 rpm) or filtered through a 0.22 μm filter paper to get thin GSs. The digital images illustrating the exfoliation process are shown in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf). Further, the obtained GS was utilized in making GQDs as described in the section below to study the exemplary properties of the 2D material in a zero-dimensional state.

4.3. Preparation of GQDs {#sec4.3}
------------------------

### 4.3.1. Hydrothermal Preparation {#sec4.3.1}

The obtained exfoliated GS (50 mg) was acid-refluxed in 5 mol L^--1^ HNO~3~ (40 ml) at 100 °C for 24 h with continuous stirring to purify and shrink the flake size for making GQDs. The mixture was rinsed with DI water plus ethanol to shed off the acid and bring the pH neutral. The obtained purified GS (PGS) was suspended in a mixture of 5 mol L^--1^ H~3~PO~4~ (20 mL) and 30 mL of ethylenediamine. Further, the suspension was probe-sonicated for 2 h and transferred to a 100 mL Teflon-lined stainless steel autoclave that was heated at 200 °C for 4, 8, and 12 h, respectively. After cooling to room temperature (30 °C), the resultant product consisted of black sediment carrying larger particles with a brown supernatant as GQDs. The brown colloidal solutions were washed thoroughly with ethanol and DI water to drain out residual ethylenediamine completely. The larger graphene nanoparticles were separated by vacuum filtration with a 0.22 μm filter paper and dialyzing the collected filtrate over DI water in a dialysis bag for 24 h to obtain GQDs. The acquired clear brown solutions after dialysis were labeled as follows: GQD1-4 h, GQD2-8 h, and GQD3-12 h. To draw comparison, GQDs were synthesized without surface passivation, i.e., PGSs were suspended solely in DI water under similar autoclave conditions (GQD4), and via the electrochemical method (GQD5), as discussed in the subsequent section below.

### 4.3.2. Electrochemical Preparation {#sec4.3.2}

The synthesis was carried out in a 2-electrode system with both anode and cathode as graphite electrodes facing parallel to each other, separated by a set distance of 2 cm. The electrodes were immersed in a solution of 0.1 mol L^--1^ NaOH and connected to 10 V DC, facilitating the reaction process, similar to earlier reports.^[@ref40],[@ref49]^ The solution transformed from colorless to light brown and finally to dark brown over a time period of 40 min ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b inset: bottom), indicating the generation of GQDs. The solution was washed thoroughly with DI water and ethanol to obtain neutral pH. The larger graphite particles were separated by vacuum filtration through a 0.22 μm filter paper and dialyzing the obtained filtrate over DI water in a dialysis bag for 24 h to derive GQD5. The digital images of the solutions synthesized are shown in [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf), from which the solvent can be evaporated to obtain pure GQDs, which can be redispersed in DI water or any other desired solvent.

4.4. Equipment {#sec4.4}
--------------

All sample processing and measurements were performed at room temperature (30 °C). Studies of the sample surface morphology were performed using a field emission scanning electron microscope (FESEM, Nova NanoSEM 450, FEI and ∑IGMA, ZEISS). The bulk elemental composition was determined using energy-dispersive X-ray (EDX, QUANTAX X 129 eV, Bruker). The functionalized groups attached were studied through Fourier transform infrared spectroscopy (FTIR, Vertex70 V, Bruker Optik). The crystallographic planar structure was analyzed by X-ray diffraction (XRD, Smart Lab X-ray diffractometer, Rigaku) with Cu Kα radiation (λ = 1.54 Å), recorded at a scan rate of 0.02° s^--1^. Resonant Raman scattering (RRS) spectra were recorded using a Raman spectrometer (Lab RAM HR 800, Horiba) with a 100× objective lens and 514 nm as excitation laser wavelength. Absorption spectra were obtained by a UV--visible spectrophotometer (UV--vis, carry 100, Agilent) at a scan rate of 120 nm min^--1^ having a path length of 1 cm. The fluorescence spectrum was obtained through a spectrofluorometer (Carry Eclipse, Agilent) using 300 nm as an excitation source. Electrochemical exfoliation of the graphite electrode and synthesis of GQDs (GQD5) were carried out through Solatron 1280C. The bath and probe sonication of samples was performed using Elma (Elmasonic P 30H, 100 W, 37 KHz) and LABMAN (PRO-650, 650 W, 25 KHz), respectively.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01993](https://pubs.acs.org/doi/10.1021/acsomega.0c01993?goto=supporting-info).*I*--*T* graph (Figure S1); synthesis mechanism and FESEM micrographs (Figures S2--S8); XRD plots (Figure S9); Raman spectroscopy (Figure S10); FTIR spectra (Figure S11); EDX analysis (Figure S12 and S13); UV--visible spectra (Figure S14); electrochemical exfoliation (Figure S15); GQD solution (Figure S16); exfoliation current density (Table S1); XRD parameters (Table S2); FWHM of Raman 2D peak (Table S3); Raman intensity ratio (Table S4); and absorbance and band gap (Table S5) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01993/suppl_file/ao0c01993_si_001.pdf))

Supplementary Material
======================

###### 

ao0c01993_si_001.pdf

The authors declare no competing financial interest.

This work is financially supported by Non-NET Fellowship Scheme from the University Grant Commission (UGC), Government of India. The authors are thankful to Dr. Payal Gulati, Instrument in charge, for performing Raman and FTIR spectroscopy at the Center for Nanoscience and Nanotechnology and the operators at the Central Instrumentation Facility (CIF) for Fluorescence measurements, Jamia Millia Islamia.
